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Cyclic oxidation behaviour of N-type (Zr,Ti)Ni(Sn,Sb) and P-type (Zr,Ti)Co 
(Sn,Sb) thermoelectric materials 

Mikdat Gurtaran *, Zhenxue Zhang, Xiaoying Li, Hanshan Dong 
School of Metallurgy and Materials, The University of Birmingham, Birmingham, B15 2TT, UK   
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A B S T R A C T   

In this study, the fabricated Hf-free N-type (Zr,Ti)Ni(Sn,Sb) and P-type (Zr,Ti)Co(Sn,Sb) thermoelectric materials 
were subjected to cyclic oxidation testing at 500 ◦C for 10, 30, and 50 cycles. The oxidation behaviour of the 
materials was systematically investigated by evaluating mass gain to study the oxidation kinetics and by ana-
lysing surface morphology, phase constitution and elemental distribution to investigate the oxidation mecha-
nism. The results indicated that both of the materials were severely oxidised during the cyclic oxidation testing, 
and the mass gain followed the parabolic kinetics and the parabolic rate constant (kp) being 0.006165 
mg2cm− 4s− 1 and 0.000109 mg2cm− 4s− 1 for the N-type and the P-type TE materials, respectively. Alternated 
multilayers of Ni3Sn4+SnO2+(Zr,Ti)O2 and CoSb + SnO2+Sb2O4+(Zr,Ti)O2 were identified on the surface of the 
N-type and P-type materials, respectively, after the cyclic testing, which would deteriorate the thermoelectric 
performance of the materials. The outcome of this study strongly suggests that it is essential to improve the 
oxidation resistance and the thermal stability of the N-type (Zr,Ti)Ni(Sn,Sb) and P-type (Zr,Ti)Co(Sn,Sb) ther-
moelectric materials for high-temperature applications.   

1. Introduction 

Thermoelectric materials (TE) are crucial for efficiently converting 
waste heat into electrical energy to meet the ever-growing energy de-
mands [1,2] and the net-zero target, which has attracted extensive 
research interests in developing new TE materials with a high figure of 
merit, zT value (zT = S2σκ− 1T) for high thermoelectric performance, 
combining the Seebeck coefficient (S), electrical conductivity (σ), ther-
mal conductivity (κ), and absolute temperature (T) [3,4]. Many ther-
moelectric materials are being explored for power generation 
applications, such as GeTe [5], Bi2Te3 [6], PbTe [7,8], and half-Heusler 
compounds [9]. Researchers have been also working on improving the 
zT value of such commercially available thermoelectric materials as 
Bi-Te [10–12] and Pb–Te [13–15] compounds. However, these TE ma-
terials contain critical raw element Bi and toxic heavy metal Pb. 
Therefore, the state-of-the-art half-Heusler [16–18], SnTe [19–21], and 
MgSi-based [22–24] TE materials, with comparable or superior ther-
moelectric performance and lower ecological impact, are being rapidly 
developed. 

As most half-Heusler materials contain Hafnium (Hf), a costly critical 
raw element, researchers have recently developed more cost-effective 

and sustainable Hf-free and Hf-substituted half-Heusler materials [25, 
26]. It is known that the oxidation behaviour of TE materials is highly 
composition dependent. Removal of chemically active element Hf from 
Hf-containing half-Heusler alloys would change their oxidation behav-
iour. Notably, Hf-free half-Heusler thermoelectric materials have gained 
recognition for their remarkable thermoelectric performance because of 
the high zT values between 0.7 and 1.5 as a function of the working 
temperature, indicating efficient heat-to-electricity conversion [27,28]. 
Chauhan et al. [16] increased the zT value of Hf-free half-Heusler ma-
terials to approximately 0.8 at 500 ◦C. Zhang et al. [29] produced 
Hf-free N-type ZrNiSn with a zT value of 0.78 at 500 ◦C. Min et al. [30] 
achieved a significantly improved zT value of 0.89 for Nb-doped ZrNiSn 
half-Heusler compounds. Further progress was made by Nguyen et al. 
[17], producing Hf-free N-type (Ti0.5Zr0.5)1-xNbxNiSn half-Heusler ma-
terial via a fast production technique, which is a combination of 
arc-melting, melt spinning and spark plasma sintering. They obtained a 
zT value of 1.19 at 600 ◦C with the optimised composition with x =
0.0125. 

However, thermal stability and oxidation behaviour at high service 
temperatures are concerns for thermoelectric generators. In particular, 
most TE generators and devices work in frequent heating and cooling 
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thermal cycles, which present an even more challenging environment 
[31]. Kang et al. reported that the power output of thermoelectric 
generators involving MCoSb (P-type) materials was reduced by 50% 
after 120 h at 823 K in air [32]. To ensure sufficient thermal stability, 
thermoelectric materials must have high oxidation resistance [33,34] to 
prevent surface damage, segregation and sublimation [35,36]. This is 
because such oxidation-related surface damages can act as barriers to 
the movement of charged particles and heat carriers, thus reducing 
electrical conductivity and hence the performance of TE materials. For 
example, it is reported by Kikuchi et al. that the electrical resistivity of 
polycrystalline Ba8GaxAlySi46-x-y type-I clathrates was increased with 
increasing temperature, leading to a significant decrease in the zT value 
[37]. Additionally, sublimation of elements such as Sn and Sb at high 
temperatures alters the composition and critical properties of TE ma-
terials, possibly negatively impacting electrical and thermal conduc-
tivity. Therefore, understanding the oxidation and sublimation 
behaviour and the mechanisms involved is vital to designing and 
developing high-performance and long-life thermoelectric materials as 
well as providing essential information for developing advanced surface 
coatings to protect TE materials from oxidation and sublimation. 

The present study is focused on investigating the oxidation behav-
iour of a new generation of Hf-free and cost-effective N-type (Zr,Ti)Ni 
(Sn,Sb) and P-type (Zr,Ti)Co(Sn,Sb) thermoelectric materials produced 
by mechanical alloying followed by spark plasma sintering. The fabri-
cated TE blocks were subjected to cyclic oxidation testing between 
500 ◦C and room temperature for 10, 30 and 50 cycles in air since the 
majority of TE materials experience continuous heating and cooling 
cycles in practical applications. The oxidation behaviour and mecha-
nisms of the N and P-type samples were investigated by mass gain 
measurements, surface morphology evolution, cross-section layer char-
acterisation and phase transition analyses. Future research directions for 
developing thermoelectric materials with improved thermal stability 
and advanced oxidation protection surface coatings are proposed based 
on the new insights into the oxidation behaviours and mechanism of the 
Hf-free half-Heusler TE materials. 

2. Experimental 

2.1. Fabrication of TE materials 

The test samples (with dimensions of approximately 4 × 0.5 × 0.5 
cm3) were produced by MATRES Scrl (Italy) and the chemical compo-
sition is shown in Table 1. To achieve the desired concentration of 
materials, industrial metal powders (Zr, Ti, Ni, Co, Sn, and Sb) were 
obtained, and the mechanical alloying was conducted in an inert envi-
ronment using the high-energy ball mill technique, which allowed for 
controlled impact velocities as well as minimising defects observed in 
traditional alloying methods. The green compact of the metal powders 
was sintered for 4 min at 800 ◦C and under a pressure of 500 kg/cm2 

using a uniaxial press (DSP 475, Dr. Fritsch). 

2.2. Cyclic oxidation testing 

The testing samples were cut to dimensions of 0.5 × 0.5 × 0.5 cm3 

and ground up to 1200 grit using SiC abrasive papers. The samples were 
then ultrasonically cleaned in acetone for 5 min. Cyclic oxidation testing 
was conducted in a muffle furnace, and each test sample was 

individually placed in a ceramic container. When the temperature 
reached 500 ◦C, the samples with ceramic containers were swiftly 
loaded into the furnace to avoid a sharp temperature drop. It only took 
about 2 min to reach the set temperature of 500 ◦C, and the samples 
remained at 500 ◦C for 1 h before they were removed from the furnace 
and cooled in air to room temperature. This designed thermal cycle 
(Fig. 1) was repeated 10, 30, and 50 times for all N and P-type samples. 
Before and after each test cycle, the weight of the samples within the 
ceramic container was measured using a high-precision scale (Ohaus, 
Switzerland) with an accuracy of 10− 4 g. Three repeated measurements 
were made, and the average was reported. Detailed sample codes and 
their corresponding conditions are summarised in Table 2. 

2.3. Microstructural characterisation 

Comprehensive microstructure analysis was carried out on N and P 
samples before and after cyclic oxidation tests. Surface and cross- 
sectional microstructures of the TE materials were investigated by 
scanning electron microscopy using Jeol 7000 and Apreo2 SEM (Jeol-UK 
Ltd., UK and Thermofisher Scientific, UK, respectively) with an EDX 
device for analysing chemical concentration and distribution. Samples 
were XRD scanned by a Proto AXRD diffractometer employing a Cu-Kα 
source (λ = 1.540598 Å), and phase identification was carried out using 
High Score Plus software. 

3. Results 

3.1. Mass gain of cyclic-oxidation tested N & P-type TE samples 

The mass gains of the tested samples were measured and calculated 
after each cycle, and the obtained data are presented in Fig. 2a. For as- 
produced N and P-type samples, the mass gain shows a parabolic trend. 
This is confirmed by the straight lines shown in Fig. 2b when plotting the 
square of the mass gain (Δm/A)2 against the number of cycles (N), which 
is proportional to the time (t). The mass gain of the N-type samples 
increased much faster than that of the P-type samples throughout the 
cyclic oxidation testing process. At the end of 50 cycles, the final mass 
gain for the N-type sample was 5.8 mg/cm2, while it was only 2.1 mg/ 
cm2 for the P-type sample. 

3.2. Phase changes after cyclic oxidation tests 

XRD patterns of as-received N and P-type samples are compared to 
the oxidised samples as shown in Fig. 3. Before oxidation, the diffraction 
pattern of the N-type sample shows a single half-Heusler phase of (Zr,Ti) 
Ni(Sn,Sb) (cubic, a = 0.603 nm, PDF: 01-089-7155), crystalising in the 

Table 1 
Chemical composition (at. %) of the fabricated thermoelectric materials.  

Materials Code Elements 

Ti Ni Co Zr Sn Sb 

(Zr,Ti)Ni(Sn,Sb) N 17.1 33.5 0 16.3 32.3 <1.0 
(Zr,Ti)Co(Sn,Sb) P 16.4 0 29.1 18.1 10.7 25.7  Fig. 1. Schematic representation of one thermal cycle of the oxidation testing.  
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C1b structure type. The main phase formed in the P-type material is a 
typical half-Heusler phase of (Zr,Ti)Co(Sn,Sb) with the crystal structure 
of C1b, a = 0.599 nm. Some traces of weak peaks can be tentatively 
indexed to Sb (rhombohedral, a = b = 0.43 nm, c = 1.12 nm, PDF: 01- 
085-1324). 

After cyclic oxidation tests, substantial alterations of phase constit-
uents on the surface of N-type and P-type materials were observed. As 
for N-type samples, crystallographic reflections corresponding to SnO2 
(tetragonal, a = b = 0.473 nm, c = 0.318 nm, PDF: 01-070-4177), 
Ni3Sn4, (monoclinic, a = 1.22 nm, b = 0.405 nm, c = 0.521 nm, PDF: 
03-065-4310) and (Zr,Ti)O2 (orthorhombic, a = 0.504 nm, b = 0.509 
nm, c = 0.525 nm, PDF: 00-037-1413) phases were identified for all 
cyclic tested samples. However, the intensity of the diffraction peaks of 
SnO2 and Ni3Sn4 phases exhibited high intensity when the number of 
oxidation cycles increased. Meanwhile, the (Zr,Ti)O2 phase shows low 
intensity for all cyclic oxidation tested samples. 

The XRD patterns of P-type material after cyclic oxidation tests are 
presented in Fig. 3b. For all cyclic oxidation tested samples, four phases 
can be identified corresponding to SnO2 (tetragonal, a = b = 0.473 nm, 
c = 0.318 nm, PDF: 01-077-0447), SbCo (hexagonal, a = b = 0.39 nm, c 
= 0.517 nm, PDF: 96-154-1040), (Zr,Ti)O2 (monoclinic, a = 0.507, b =
0.521 nm, c = 0.519 nm, PDF: 96-210-8456), and Sb2O4 (orthorhombic, 
a = 0.543 nm, b = 0.481 nm, c = 1.176 nm, PDF: 01-071-0564), which 
are markedly different from the original phase composition of P-type 
material. Notably, the diffraction peaks attributed to SbCo and SnO2 
exhibited relatively strong intensities, while reflections corresponding 
to the (Zr,Ti)O2 phase were very weak for the P-50 sample (Fig. 3b). 

3.3. Effect of cyclic testing on surface morphology 

Backscattering electron images (BEI) of N and P samples, and SEM 
images of N-10, N-50, P-10 and P-50 samples are given in Fig. 4. The 
surfaces of the N and P samples (Fig. 4a&d) are greyish with a few light 
and dark small patches. EDX chemical composition analysis in the dark 
regions (Fig. 4a) of the N sample identifies 16.3% Ti, 28.8% Ni, 21.7% 
Zr, 33.1% Sn and 0.1% Sb (see Table 3). In the light regions (Fig. 4a), 
EDX analysis revealed a high concentration of Ni (40.1 at.%) and Sn 
(50.4 at.%) (Table 3). Upon comparing the chemical composition of the 
dark and bright patches in the N sample (Table 1), it can be seen that 
high Zr and Ti contents led to the change of colour from light grey to 
dark grey, while regions rich in Ni and Sn appeared bright. A similar 

feature was observed in the P-type sample (Fig. 4d) where Zr-rich re-
gions are in dark grey contrast, while the white contrasted patches are 
rich in Co and Sb (Table 3). 

After 10 cycles of oxidation, some cauliflower-like patterns were 
observed on the surface of the N sample without noticeable delamina-
tion features (Fig. 4b). When the oxidation cycles increased, both large 
areas with fine particles and jigsaw-like patches were observed, and a 
typical surface morphology of the N-50 sample is shown in Fig. 4c. EDX 
surface composition analysis revealed enrichment of Sn, Ni and O from 
the area with fine particles and high content of Zr, Ti and O from the 
jigsaw-like patches, as denoted in Fig. 4c. Limited delamination of the 
oxides was observed from the surface of the N-50 sample. 

Multiple microparticles rich in elements of Co, Sn and Sb and small 
cracks/delamination were observed on the cyclic oxidation-tested P- 
type samples (Fig. 4e&f). When increasing the cycles of the oxidation 
testing, the particles on the surface and the cracks and delamination of 
the surface oxide layer increased as shown in Fig. 4e&f for P-10 and P-50 
samples respectively. 

3.4. Cross-sectional layer structure after cyclic oxidation testing 

The cross-sectional layer structures of cyclic-oxidation tested N-type 
and P-type samples were observed under backscattering electron image 
mode (Fig. 5). A multilayered structure was formed on all cyclic 
oxidation tested samples with the thickness of the multilayers and the 
cracks increased with the number of cycles. It can be seen that the in-
dividual layers within the multilayers showed distinct grey and white 
contrasts, indicating element segregation and selective oxidation during 
the cyclic oxidation testing of the material. For the N-10 sample, the 
multilayer structure consists of thick repeated layers on the top surface 
as well as thinner alternated layers below the thick layers, as can be seen 
in Fig. 5a. The thickness of the multilayered oxide structure of the N-10 
sample is greater than that of the P-10 sample (Fig. 5a&b), which means 
that the N-type material is oxidised faster than the P-type, leading to 
more increase in the mass gain (see Fig. 2). Significant structural defects 
were observed, the extent of which increased with the oxidation cycles. 
Severe large cracks were observed near the interface between the matrix 
and the surface layer for the N-50 sample (Fig. 5c), while for the P-50 
sample, the cracks developed along the interfaces between multilayers 
(Fig. 5d). As evidenced from the surface of the oxide structure, deep 
surface oxide spallation occurred especially for the N-50 sample 
(Fig. 4e), which reduced the thickness of the remained oxide layer 
observed on the cross section. Significant structural defects were 
observed, the extent of which increased with the oxidation cycles. Se-
vere large cracks were observed near the interface between the matrix 
and the surface layer for the N-50 sample (Fig. 5c), while for the P-50 
sample, the cracks developed along the interfaces between multilayers 
(Fig. 5d). 

The cross-sectional EDS line-scan analysis (Fig. 6) across the multi-
layered structure provides element distribution through each thin layer 

Table 2 
Sample codes and corresponding processing details.  

Sample Code Oxidation cycles at 500 ◦C 

N P 0 cycle (As-produced N-type and P-type pellets) 

N-10 P-10 10 cycles 
N-30 P-30 30 cycles 
N-50 P-50 50 cycles  

Fig. 2. Mass gain (a) and the square of the mass gain (b) of the oxidised N and P-type samples as a function of the number of cycles.  

M. Gurtaran et al.                                                                                                                                                                                                                              



Journal of Materials Research and Technology 30 (2024) 7476–7484

7479

for N-10 and P-10 samples. It is observed that Zr, Ti together with ox-
ygen exhibit prominently heightened signals in the grey layers of the N- 
10 sample (dashed line in Fig. 6a), whereas Ni, Sn, and Sb show high 
intensity in the white layers (solid line in Fig. 6a). For the P-10 sample, 
Zr, Ti and oxygen have high concentrations in the grey layer (dashed line 
in Fig. 6b), and Co and Sb display high intensity in the white layers (solid 
line in Fig. 6b). However, Sn content shows a small fluctuation within 
grey and white layers for the P-10 sample, indicating moderate segre-
gation of the element during the cyclic oxidation. 

4. Discussion 

4.1. Cyclic oxidation of N-type material 

SEM images in Fig. 4a&d shows the overall single-phase contrast of 
the matrix for both as-received N-type and P-type materials although 
small patches of element segregation are presented (Table 3). XRD 
pattern analysis confirmed the Hf-free half-Heusler single phase of (Zr, 

Ti)Ni(Sn,Sb) for the N-type and (Zr,Ti)Co(Sn,Sb) for the P-type mate-
rials. As can be seen from Fig. 4, the surface morphology of the samples 
changed completely after the cyclic oxidation tests with different fea-
tures for the N-type and P-type materials. The surface of the N sample 
presents cauliflower-like oxide features after 10 cycles of oxidation tests. 
EDX analysis revealed a high content of Sn in these areas, indicating that 
these cauliflower-like oxides were initiated from the original Sn(Ni) rich 
areas, as denoted in Fig. 4a, where oxygen reacted with Sn to form SnO2. 
After long cycle oxidation, the cauliflower-like SnO2 oxide areas merged 
into flat large patches decorated with nano-particles; the other surface 
areas formed jigsaw-like (Zr,Ti)O2 (Fig. 4c), which were initiated from 
the original (Zr,Ti)-rich particles, as denoted in Fig. 4a. SEM images 
(Fig. 5a&c) and EDX line scan analysis (Fig. 6a) reveal that the contents 
of the elements (Zr, Ti, Ni, Sn, Sb and O) fluctuate periodically along the 
oxide case corresponding to the multilayered structure. The XRD results 
(Fig. 3a) confirmed the oxidation products of (Zr,Ti)O2, SnO2 and Ni3Sn4 
compounds. This indicates that the cyclic oxidation between room 
temperature and 500 ◦C has led to the formation of alternately repeated 

Fig. 3. XRD patterns of (a) N-10, N-30 and N-50 samples compared with the N sample, (b) P-10, P-30 and P-50 samples compared with the P sample.  
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layers of oxides ((Zr,Ti)O2 + SnO2) and Ni3Sn4. 
Formation of this alternated multilayer structure can be considered 

as a competitive process between internal oxidation and external 
oxidation as schematically illustrated in Fig. 7. At the beginning of 
oxidation, oxygen diffused inward into the surface of the TE material. 
Those small areas with high concentrations of Sn, (Zr,Ti) reacted with 
oxygen to form SnO2 and (Zr,Ti)O2 (Fig. 7b&c) featured as cauliflower- 
like and jigsaw-shaped patches, respectively (Fig. 4a&b). In the mean-
time, oxygen further diffused into the subsurface of (Zr,Ti)Ni(Sn,Sb), 
where those elements with low enthalpies of formation oxides, such as 
Zr, Ti and Sn (Fig. 8 [38,39]) would form (Zr,Ti)O2 and SnO2. While 
those unoxidised Ni and Sn remain in-situ forming Ni3Sn4, and the re-
sidual Sn diffused to the outside surface driven by the reduced surface 

energy [40] where Sn is oxidised to form SnO2 (Fig. 7c). Detailed in-
formation on the oxidation of half-Heusler NiTiSn multi-phased material 
with the formation of the Ni3Sn4 and oxide phases determined by the 
calculated ternary phase diagram can be found in Ref. [41]. 

Following that, the low enthalpy oxide forming elements, such as Zr, 
Ti and Sn diffused outward to the interface between the formed oxide 
layer and the matrix to form (Zr,Ti)O2 and SnO2, as schematically shown 
in Fig. 7d, while unmigrated Ni and part of Sn elements formed addi-
tional layer of Ni3Sn4 intermetallic compound beneath the oxide layer 
with the remaining Sn diffusing to the top of the Ni3Sn4 layer formed. 

In the literature, a similar multilayer structure was observed for the 
P-type skutterudite Ce0.9Fe3CoSb12 [42]. An interesting phenomenon 
called “pesting”-like oxidation explained the formation mechanism of 
multilayer structure on the material surface after 24-h exposure to air at 
800 K. It was said that the severe oxide layers formed on the surface 
during the oxidation were periodically peeled off, leading to frequent 
oxidation of the fresh bulk material, which is still exposed to high 
concentration oxygen atmosphere. The reputation of oxidation & 
peeling off led to the formation of the multilayer structure. Clearly, the 
mechanisms for the formation of multilayer oxide structures depend 
highly on the materials (skutterudite in Ref. [42] vs half-Heusler in this 
study) and the oxidation testing methods (isothermal in Ref. [42] and 
cyclic in this study). 

Fig. 4. Backscattered electron images of the (a) as-produced N compared with SEM images of (b) N-10 and (c) N-50; and (d) as-produced P samples compared with 
SEM images of (e) P-10 and (f) P-50. 

Table 3 
EDS analyses (at. %) of the dark and bright points on the surface of the as- 
received N and P samples.  

Samples  Ti Ni Co Zr Sn Sb 

N Bright Point 4.3 40.1 – 4.4 50.4 – 
Dark Point 16.3 28.8 – 21.7 33.1 0.1 

P Bright Point 10.1 – 29.3 24.7 4.9 31.0 
Dark Point 11.2 – 18.4 44.8 4.2 21.3  
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Due to the large difference in coefficient of thermal expansion (CTE) 
between ZrO2 (~26.8 × 10− 6 K− 1), SnO2 (11.7 × 10− 6 K− 1) and Ni3Sn4 
(12.2 × 10− 6 K− 1) [43–45], larger internal stress resulted in the for-
mation of pinholes and cracks in the oxide layer as evidenced in Fig. 5c 
and schematically shown in Fig. 7d&e, which provided rapid paths for 
oxygen diffusion to the interface between the oxide layer and the matrix, 

and the process of forming (Zr,Ti)O2 + SnO2 + Ni3Sn4 layer structure is 
repeated thus resulting in the formation of oxides/Ni3Sn4 alternative 
layers. 

Fig. 5. Cross-sectional backscattering electron images of (a) N-10 sample, (b) P-10 sample, (c) N-50 sample, and (d) P-50 sample.  

Fig. 6. EDS line scan analyses of (a) N-10, and (b) P-10 samples.  
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4.2. Cyclic oxidation of P-type material 

Although the alternating layer feature formed within the cross- 
sectional oxide case during cyclic oxidation on P-type (Zr,Ti)Co(Sn,Sb) 
(Fig. 5b&d) looks similar to that formed on the N-type (Zr,Ti)Ni(Sn,Sb) 
(Fig. 5a&c), the surface morphology (Fig. 4) and mass gain (Fig. 2) of the 
P-type (Zr,Ti)Co(Sn,Sb) are significantly different. Instead of the 
abnormal surface morphology change for the oxidised N-type samples, 
the P-type samples oxidised under the same conditions only showed 
small particles on a relatively smooth/flat surface (Fig. 4e&f) with very 
limited pinholes and mild cracks. 

The mass gain of the P-type sample was 2.1 mg/cm2 after 50 cycles, 
only one-third of the mass gain of the N-type samples when tested under 
the same cyclic oxidation conditions. It is also noticed that the mass 

mainly gained within the initial 20 cycles, and then it kept nearly con-
stant when further increasing the oxidation cycles. The parabolic rate 
constants kp calculated according to the parabolic kinetics, (Δm/A)2 =

kp × t, are 0.006165 mg2cm− 4s− 1 and 0.000109 mg2cm− 4s− 1 for N and 
P-type samples, respectively, with the former is more than 56.7 times 
that of the latter. 

The smoother surface (Fig. 4e&f) and less mass gain (Fig. 2) indicate 
the better oxidation resistance of the P-type materials than the N-type 
ones, which is in line with the calculated much smaller parabolic rate 
constants. This significantly reduced parabolic rate constants and hence 
slackened oxidation process could be mainly attributed to the compo-
sition difference between the P-type and N-type materials. It can be seen 
from Table 1 that the P-type and N-type TE materials contain similar 
quantities of Zr and Ti elements, and similarly, (Zr,Ti)O2 is formed in 
both N-type and T-type materials as identified by XRD analysis (Fig. 3). 

Although both the N-type and P-type materials contain Sn, the P-type 
contains much less Sn (10.7 at.%) as compared with that (32.3 at.%) of 
the N-type. Firstly, the reduction of Sn in the P-type TE material could 
improve the oxidation resistance of the material. As can be seen from 
Fig. 4b&c, Sn initially segregated patches in the N-type material resulted 
in the formation of cauliflower-like tin oxides after 10 cycles and a large 
plateau with nano-crystalline tin oxides after 50 cycles of oxidation. The 
spallation of those features due to large difference in thermal expansion 
coefficient induced stress concentration increased the exposure surface 
areas to oxygen leading to fast oxidation. On the other hand, signifi-
cantly reduced Sn content in the matrix should have helped to reduce 
the stress concentration, oxide spallation and hence oxidation of the P- 
type material. 

Secondly, the Ni and reduced Sn in the P-type material are replaced 
by Co and Sb, respectively. The thermodynamic data shown in Fig. 8 also 
indicates that the enthalpy of formation ΔH of SnO2 is more negative 
(− 110 kcal/mol) than that for Co3O4 (− 73 kcal/mol) and Sb2O4 (− 45 
kcal/mol). Therefore, the replaced Ni and Sn by Co and Sb, respectively, 
should have further contributed to the lower oxidation of the P-type 

Fig. 7. Schematics of the formation of surface multilayered surface structure, (a) pre-oxidation of N-type sample, (b) inward diffusion of oxygen, (c) formation of 
SnO2, (Zr,Ti)O2 and Ni3Sn4 grains, (d) outward diffusion of Zr, Ti and Sn, starting the formation of (Zr,Ti)O2, SnO2 and Ni3Sn4 layers, (d) formation of multilayered 
surface structures. 

Fig. 8. Enthalpy of formation of potential oxide products.  
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material [39,46]. It can be seen that the Sb content is significantly 
increased from <1.0 at. %) for the N-type material to 25.7 at. % in the 
P-type material. Accordingly, peaks of Sb2O4 are identified from the 
oxidation-tested P-type material. The enthalpy of formation ΔH of Sb2O4 
is much less negative than all oxides as shown in Fig. 8 especially 
compared with that for ZrO2 and TiO2. Hence, this is reasonable to 
attribute the reduced oxidation rate of the P-type material as compared 
with the N-type material to the significantly high Sb content in the 
P-type material. Indeed, Sb2O4 has been used as a flame retardant in 
engineering plastics due to its stability in high temperature [47]. 

Thirdly, it is also reported that for the P-type TE material, the for-
mation of Co3O4 oxide is exothermic [48], or entropy reduction re-
actions, the calculated ΔG changes from negative to positive with 
decreasing oxygen content [48], which was the case just beneath the 
firstly formed (Zr,Ti) oxides, such that the oxidation of Co was 
suppressed. 

Having explained the slackened oxidation of the P-type TE material, 
the procedure for forming alternated layers in the surface oxide case on 
P-type material could be proposed as follows.  

1) Inward diffused oxygen reacted with the (Zr,Ti)-rich patches formed 
small (Zr,Ti)O2 particles, while those patches with high content of Sb 
and Sn reacted with oxygen formed a few Sb2O4 and SnO2 particles, 
see Fig. 4.  

2) The remaining procedures would be similar to that for the formation 
of the alternated layer in N-type by replacing the Ni with Co, 
reducing Sn and increasing Sb, such that the alternated layers are (Zr, 
Ti)O2 + SnO2 (very thin) + Sb2O4 + CoSb. 

5. Conclusions 

In this study, the oxidation behaviour of the Hf-free N-type (Zr,Ti)Ni 
(Sn,Sb) and P-type (Zr,Ti)Co(Sn,Sb) thermoelectric materials produced 
by mechanical alloying and sintering at 800 ◦C were investigated by 
cyclic oxidation between room temperature and 500 ◦C for up to 50 
cycles. Based on the experimental findings, the following conclusions 
can be drawn.  

• The surfaces of both N-type (Zr,Ti)Ni(Sn,Sb) and P-type (Zr,Ti)Co 
(Sn,Sb) materials are entirely oxidised after the cyclic oxidation 
testing, leading to a significant change in the surface morphologies.  

• The oxidation of both N-type and P-type materials under cyclic 
oxidation conditions follows parabolic oxidation kinetics. However, 
the mass gain of the N-type increased much faster compared to that 
of the P-type with the parabolic rate constants being 0.006165 
mg2cm− 4s− 1 and 0.000109 mg2cm− 4s− 1 for N and P-type materials, 
separately.  

• An alternated multilayer structure was formed on the cross-sections 
of both N-type and P-type materials, which highly suffered from 
aggressive oxidation. It is believed that such severe oxidation- 
induced microstructural changes would negatively affect the ther-
moelectric performance of these materials, which are constantly 
subjected to temperature differential. 

The findings from the present study suggest in order to improve the 
thermal stability of N-type and P-type half-Heusler materials with 
favourable thermoelectric performance, it is necessary to protect the TE 
materials against oxidation by developing advanced surface coatings 
such as the CrSi coating developed recently in our group. Very promising 
oxidation protection results are obtained, which will be published in 
another paper. 
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